The aim of this study was to evaluate the anti-convulsant effects of magnolol (6, 6′, 7, 12-tetramethoxy-2, 2′-dimethyl-1-b-berbaman, C18H18O2) and the mechanisms involved.
Introduction
Epilepsy is the commonest serious neurological disorder, afflicting 1-2% of the general population worldwide and causing substantial morbidity and mortality (Hirose et al., 2000) . Despite rapid progress in the development of antiepileptic medications, one-third of epilepsy patients remain refractory to medication, indicating a need for more and better antiepileptic drugs (Lindekens et al., 2000) .
Extracts of Magnolia plants, for instance Magnolia dealbata, M. obovata and M. grandiflora L., are used in Chinese traditional medicine as tranquilizers to treat epilepsy (Mellado et al., 1980; Bastidas Ramirez et al., 1998 ). An extract of M. grandiflora L. or M. dealbata Zucc. abolishes the seizure activity in maximal electric and pentylenetetrazol (PTZ)-induced seizure models (Bastidas Ramirez et al., 1998; Martinez et al., 2006) . Magnolol (Figure 1 ; 6,6′, 7,12-tetramethoxy-2,2′-dimethyl-1-b-berbaman, C18H18O2;) is the major bioactive constituent of magnolia bark, and the content of magnolol is in the range of 2-11% of the bark's dry weight (el-Feraly and Chan, 1978; Shen et al., 2009) . Magnolol exhibits depressant effects on the CNS, to suppress the incidence of spike discharge, to inhibit tonic extensor convulsions and death produced by an intracerebroventricular injection of penicillin G potassium (Watanabe et al., 1975; 1983) and to increase the threshold of NMDA-induced seizures (Lin et al., 2005) . These observations indicate that magnolol might have a potent antiepileptic effect. Therefore, this study was conducted to investigate the anticonvulsant effect of magnolol in the PTZ-induced seizure model in mice.
The GABA receptor complex is the main inhibitory neurotransmitter receptor in the CNS, and the fast-inhibitory activity of GABA is mediated by the GABAA receptor. This receptor is an important target of antiepileptic drugs. Activation of the GABAA receptor causes an anticonvulsive effect, whereas disturbance in GABAA receptor function is often considered as contributing to the pathogenesis of epilepsy . The GABAA receptor is an assembly formed by a-, b-and g-subunits into a pentamer, which can be modulated by allosteric regulators, such as classical benzodiazepines (Pritchett et al., 1989) . Benzodiazepines bind to the GABAA/ benzodiazepine receptor subunits a and g, thereby suppressing epilepsy by increasing GABA-gated chloride ion influx and facilitating GABAergic transmission . It has been reported that magnolol increases the binding sites and affinity of the GABAA receptor for GABAA receptor agonist or GABA and then enhances chloride influx (Squires et al., 1999; Ai et al., 2001; Ma et al., 2009) . These findings suggest that magnolol might enhance the inhibitory action of GABA on GABA A receptors by binding to sites in the GABA receptor complex. We hypothesized that this GABAA/ benzodiazepine pathway might be responsible for the antiepileptic effects of magnolol.
In the present study, using an in vivo model of behavioural seizures and epileptogenic activity in the EEG and an in vitro model, we showed that magnolol exerted an antiepileptic activity. Magnolol significantly decreased seizure-induced Fos immunoreactivity in the piriform cortex, dentate gyrus and hippocampal area CA1. These effects were attenuated by pretreatment with flumazenil, a benzodiazepine receptor antagonist. Taken together, these findings indicate that magnolol may exert antiepileptiform activity by acting at the GABAA/ benzodiazepine receptor complex.
Methods

Animals
All animal care and experimental procedures were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and all efforts were made to minimize animal suffering and to use only that number of animals necessary to produce reliable scientific data. Male KunMing strain mice (Experimental Animal Center, Fudan University), 10 weeks old and weighing 18-20 g, were used in the experiments. Six to eight animals were housed in individual cages after they arrived at the lab before surgery in an animal room maintained at a constant temperature (23 Ϯ 1°C) and relative humidity (60 Ϯ 5%) on an automatically controlled 12 h/12 h light/dark cycle (lights on at 07:00 h). Water and food were available ad libitum. All behavioural experiments were carried out between 10:00 and 16:00 h.
EEG recordings and analysis
Under pentobarbitone anaesthesia (50 mg·kg -1 , i.p.), mice were chronically implanted with electrodes for polysomnographic EEG recordings. Two stainless steel screws (1 mm in diameter) were inserted through the skull into the cortex (antero-posterior, +1.0 mm; left-right, -1.5 mm from bregma or lambda) according to the atlas of Franklin and Paxinos (1997) and served as EEG electrodes. All electrodes were attached to a microconnector and fixed onto the skull with dental cement. After surgery, animals were singly housed in order to prevent damage of the implanted electrodes. The mice were allowed to recover for 7 days after the implantation of the electrodes. On the day of the experiments, each animal was transferred to a Plexiglas cage (25 ¥ 25 ¥ 40 cm) and habituated for 20 min before EEG recording. The electrode was connected with a slip ring so that the movements of the mice would not be restricted (Nishida et al., 2007) .
The baseline of EEG was recorded for 30 min to allow the mice to adapt to the recording leads. The myoclonic jerk, generalized clonus and lethal seizure were identified behaviourally and electrographically by EEG monitoring.
The electrophysiological signals were amplified (1000 times) and filtered (0.3-3 kHz) by using a NeuroLog System (Digitimer Ltd, Hearts, UK) and visualized and stored in a PC computer through an A-D converter, CED 1401 micro (Cam-
Figure 1
The chemical structure of magnolol.
bridge Electronic Design, Cambridge, UK). The definition of an EEG spike is based on its amplitude, duration, sharpness and emergence from its background. EEG recordings were analysed by using the peak analysis function of spike2 6.04 software (an analysis programme for CED 1401, Cambridge, UK) (Kong et al., 2010; Qi et al., 2006; Wang et al., 2009) . Pharmacologically induced epileptiform activity was monitored for 1 h after the PTZ injection. The latency to seizure onset was defined as the time from injection to the first seizure spike. We recorded, analysed and scored major seizure events and sharply delimited seizure spikes exceeding twice the baseline amplitude (Ziemann et al., 2008) .
Seizure behavioural scoring
PTZ (60 mg·kg -1 ) was intraperitoneally administered 30 min after the injection of magnolol (20, 40 or 80 mg·kg -1 ), diazepam (2 mg·kg -1 ) or vehicle. Control animals were given the vehicle. After each injection, the behaviour was monitored, and changes were observed for 60 min. The seizure behaviour was classified as follows (Getova et al., 1998; Chen et al., 2007) : stage 0, no response; stage 1, ear and facial twitching; stage 2, myoclonic jerks (MJ); stage 3, clonic forelimb convulsions; stage 4, generalized clonic seizures (GCS), with turning to a side position; and stage 5, generalized clonic-tonic seizures (GTCS) or death within 30 min. Latencies to the onset of MJ and GCS were evaluated during a 30 min period after the PTZ injection (Swinyard and Kupferberg., 1985) . In the absence of seizures within 30 min, the latency was taken as 1800 s.
Slice preparation for in vitro electrophysiological study
KunMing mice (21-30 days old) were decapitated under diethyl ether anaesthesia. After dissection, the brain was rapidly removed and placed in oxygenated (95% O2-5% CO2) ice-cold artificial cerebrospinal fluid (ACSF) of the following composition (mM): glycerol, 252; KCl, 5; glucose, 10; CaCl2, 1.6; MgSO4, 1.8; NaHCO3, 27.7; and NaH2PO4, 1.25. Horizontal hippocampal slices (thickness 400-450 mm) were cut by using a Leica VT-1000E vibratome (Leica Microsystems Nussloch GmbH, Nussloch, Germany) and incubated in oxygenated ACSF at temperature 32°C at least 1 h before testing. Extracellular field potential recordings were carried out in a submerged electrophysiological recording chamber perfused with ACSF.
In vitro recordings for determination of field excitatory postsynaptic potentials (fepsps)
Spontaneous fepsps was recorded in the CA3 stratum pyramidale of the hippocamus with 150 mM NaCl-filled glass pipettes (<8 MW). ACSF that lacked MgSO4 was used as an in vitro model of interictal and ictal-like epileptiform activity. The details for recording and analysis were described previously (Dzhala et al., 2005) . Epileptiform activity was initiated by superfusion with aerated Mg 2+ -free ACSF. The slices that failed to exhibit seizure-like events in a half hour were discarded. After stable recording of ictal activity for 20 min, magnolol (0.1-100 mM) was supplied. The fepsps were recorded for 80 min by using Clampex software 10.0 (Axon Instrument, Molecular Devices Co., Union City, CA, USA) with a band pass filter of 0.1-5 KHz (¥100). Power was calculated by integrating the root mean square value of the signal in frequency bands from 0.1 to 1000 Hz (EEG and fast ripple band) in sequential 10 min time windows proceeding and following drug applications. Slice-to-slice variability and electrode contact variability resulted in substantial variation in signal strength; therefore, subsequent drug-induced changes in burst characteristics were normalized to control bursts before drug application. In all experiments, the recordings were made by using an Axoclamp 200B Amplifier and DigiData 1440A (Axon Instruments).
c-Fos immunohistochemistry
A total of 10 groups of mice were used. The groups were divided into saline-and PTZ (60 mg·kg -1 )-treated groups. In the PTZ-treated groups, mice were pretreated with vehicle, magnolol at a dose of 20, 40 or 80 mg·kg -1 or with diazepam at 2 mg·kg -1 . To test receptor mechanisms, four groups of mice were used: magnolol 80 mg·kg -1 + flumazenil 5 or 10 mg·kg -1 , diazepam 2 mg·kg -1 + flumazenil 10 mg·kg -1 and flumazenil 10 mg·kg -1 groups. Thirty minutes before the magnolol (80 mg·kg -1 ) or diazepam (2 mg·kg -1 ) injection, mice were pretreated with flumazenil i.p. at 5 or 10 mg·kg -1 . Thirty minutes after the magnolol or diazepam injection, the animals were treated with PTZ. At 45 min after the PTZ administration, the animals were anaesthetized with 10% chloral hydrate and perfused via the heart with saline solution followed by ice-cold 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4). Their brains were then removed, post-fixed in 4% PFA for 6 h and immersed in 30% sucrose overnight. Thereafter, frozen sections were cut at 30 mm in coronal planes by use of a freezing microtome (Jung Histocut, model 820-II, Leica, Nussloch, Germany). The sections were stored in a cryoprotectant solution at -20°C before histological analysis. Immunohistochemistry was performed in accordance with the free floating method described earlier (Qiu et al., 2003; Qiu et al., 2009) . Sections were fixed in 4% PFA for 10 min and incubated with 0.3% H2O2 for 15 min to quench the endogenous peroxidase activity. The sections were next placed for 30 min at 37°C in blocking solution containing 10% normal rabbit serum with 0.3% Triton X-100 in 0.01 M phosphate-buffered saline (PBS, pH 7.2) and then incubated at 4°C for 24 h with a rabbit polyclonal antibody against c-Fos at a 1:1000 dilution in PBS containing 1% normal rabbit serum and 0.3% Triton X-100. On the second day, the sections were incubated with a 1:200 dilution of biotinylated donkey antirabbit secondary antibodies for 30 min followed by a 1:200 dilution of avidin-biotin-peroxidase for 45 min at 37°C. The peroxidase reaction was visualized with 0.05% 3,3′-diaminobenzidine tetrahydrochloride in 0.1 M phosphate buffer and 0.01% H2O2. Sections were mounted, dehydrated and coverslipped. As controls, adjacent sections were incubated without the primary antibody to confirm that no nonspecific staining had occurred. The sections were examined under bright-field illumination with a Leica DMLB microscope (Leica Microsystems, Wetzlar, Germany). Images were captured with a CoolSNAP-Procf digital camera (RTKE DIAG-NOSTIC, SPOT Instruments, Roper Scientific, Marlow, UK).
Study on receptor mechanism involved in antiepileptic effect of magnolol
Dosages of the highly selective antagonist flumazenil that did not affect the seizure threshold were chosen to probe the role BJP CR Chen et al.
of the GABAA/ benzodiazepine receptor complex in the antiepileptic effect of magnolol. Thirty minutes before the magnolol (80 mg·kg -1 ) or diazepam (2 mg·kg -1 ) injection, mice were pretreated with flumazenil i.p. at 5 or 10 mg·kg -1 . Thirty minutes after the magnolol or diazepam injection, the animals were treated with PTZ. The EEG and behavioural changes were recorded and analysed. In the absence of seizures within 30 min, the latency was taken as 1800 s.
Statistical analysis
All data were expressed as the mean Ϯ SEM (n = 6~10). Statistical analysis was performed with SPSS 17.0 (SPSS Inc., Chicago, IL, USA). For parametric statistical analysis, Student's t-test was applied to two-group comparisons, and onefactor or multi-factor analysis of variance (ANOVA) was applied to multiple-group comparisons. The ANOVA tests were followed by Tukey's test for seizure latency, seizure spikes and c-Fos expression, or by Dunnett's test for the average power of epileptiform activity. For non-parametric statistical analysis, the Mann-Whitney U-test was applied to seizure stage data. The significance level was set at P < 0.05 for all statistical tests.
Materials
Magnolol was purchased from the National Center for Safety Evaluation of Drugs (NCSED, in China), and was shown to be 98% pure by high-performance liquid chromatography. The drugs PTZ, diazepam and flumazenil, as well as Mg-ATP, were purchased from Sigma-Aldrich (St. Louis, MO, USA), and the other chemicals used were of high-purity analytical grade. All drugs were freshly prepared prior to use, and injection volume (10 mL·kg -1 ) was kept constant for in vivo experiments. The dosage selections, route of drug administration and injection time of different compounds were based on preliminary experiments and pharmacokinetic considerations. Magnolol and diazepam were suspended in saline containing 0.5% dimethylsulphoxide, and all other drugs were dissolved in the same type of solution.
Results
Antiepileptic effects of Magnolol on PTZ-induced seizure assessed from EEG recordings
To test the antiepileptic effect of magnolol on PTZ-induced seizures, first we examined the seizure onset latency and the number of seizure spikes for 30 min after the PTZ injection. The EEG tracings during seizure showed the time from the PTZ injection to the seizure onset (Figure 2A ). Magnolol was given at a dose of 20, 40 or 80 mg·kg -1 30 min before the PTZ injection. In the vehicle-treated mice, the seizure onset latency was 43 Ϯ 3.7 s. As shown in Figure 2B , magnolol at 80 and 40 mg·kg -1 elicited a significant increase in the seizure onset (F(3,20) = 14.1, P < 0.001 overall and post hoc), but not at the low dose of 20 mg·kg -1 . Diazepam, used as a positive control, also prolonged the latency to seizure onset (P < 0.01, vs. vehicle). In Figure 2C , the inhibition of epileptic discharges (treatment: F(3,20) = 113.9, P < 0.001; time: F(5,100) = 53.5, P < 0.001; treatment ¥ time interaction: F(15,100) = 2.5, P < 0.01) by magnolol (80 and 40 mg·kg -1 ) is shown. There were no spikes appearing after 25 min. However, magnolol given at a dose of 20 mg·kg -1 did not suppress seizure spikes after PTZ treatment. Diazepam also suppressed epileptic discharges ; the seizure spikes per 5 min interval were 13.5 Ϯ 0.6, 20.3 Ϯ 1.4, 9.7 Ϯ 0.4 and 0.5 Ϯ 0.3 at 5, 10, 15, 20 min, after 20 min, seizure spikes were not observed. As shown in Figure 2D , magnolol (80 and 40 mg·kg -1 ) and diazepam (2 mg·kg -1 ) significantly decreased the total number of seizure spikes in 30 min (F(3,20) = 53.9, P < 0.001 overall and post hoc). Magnolol at 20 mg·kg -1 did not significantly affect the number of seizure spikes.
Antiepileptic effects of magnolol in PTZ-induced seizure assessed by behavioural evaluation
To test the antiepileptic effect of magnolol on behaviour, we examined the behavioural seizure stage score and the latency to onset of MJ and GCS. PTZ caused characteristic behavioural symptoms: first, tremor of the vibrissae and muscles followed by generalized tremor of the body musculature, then GCS or GTCS. Magnolol significantly prolonged the latency of MJ and GCS (MJ: F(3,36) = 40.6, P < 0.001, GCS: F(3,36) = 38 823.4, P < 0.001 overall and post hoc:, Figure 3A and B), at 80 and 40 mg·kg -1 but not at 20 mg·kg -1 . Diazepam also significantly increased the MJ latency. There was no GCS or GTCS observed for magnolol at 80 and 40 mg·kg -1 and diazepam at 2 mg·kg -1 , 30 min after giving PTZ ( Figure 3B ). Magnolol (80 and 40 mg·kg -1 ) also significantly decreased the mean seizure stage ( Figure 3C ) when given at 80 and 40 mg·kg -1 (P < 0.001 vs. vehicle). The stage distribution analysis ( Figure 3D ) revealed that all vehicle-treated mice developed GCS (stage 4), with turning to a side position, and 20% of the mice also reached GTCS (stage 5) and died within 30 min. None of the magnololtreated mice showed GTCS (stage 5) and all mice in the diazepam group showed only tremor of their masticatory muscles (stage 2).
Involvement of GABA A / benzodiazepine pathway in the antiepileptic effect of magnolol in the PTZ-induced seizure model assessed by EEG recording
In order to investigate the probable involvement of the GABAA/ benzodiazepine receptor, we examined the effects of a selective GABAA/ benzodiazepine receptor antagonist, flumazenil, on the anticonvulsant activity of magnolol. As shown in Figure 4A , B, magnolol at 80 mg·kg -1 prolonged the latency to seizure onset, compared with the values for the vehicle group, and pretreatment with flumazenil antagonized the prolonged latency to seizure onset by antagonized the decrease in the total number of seizure spikes induced by magnolol at 80 mg·kg -1 in the PTZ seizure model. Each value represents the mean Ϯ SEM (n = 6). *P < 0.05, **P < 0.01, significantly different from the vehicle group. magnolol (F(2, 25) = 12.7, P < 0.001) or by diazepam (P < 0.01 vs. vehicle).
The total number of seizure spikes per 5 min interval was not changed by flumazenil (10 mg·kg -1 ) given alone, but it did antagonize the decrease in the total number of seizure spikes per 5 min interval induced by magnolol at 80 mg·kg -1 (F(10, 125) = 3.07, P < 0.01). Flumazenil at a lower dose (5 mg·kg -1 ) was less effective in antagonising the antiepileptic effect of magnolol (80 mg·kg -1 ) ( Figure 4C ). Pretreatment with flumazenil (5 or 10 mg·kg -1 ) also antagonized the reduction in total number of seizure spikes in 30 min, induced by magnolol (80 mg·kg -1 ) ( Figure 4D, F(2, 25) = 53.5, P < 0.001) and diazepam ( Figure 4D , P > 0.05 vs. flumazenil 10 mg·kg -1 ). These results indicate involvement of the GABAA/BZ pathway in the antiepileptic effect of magnolol.
Involvement of GABA A /benzodiazepine pathway in the antiepileptic effect of magnolol in the PTZ-induced behaviour seizure model
As shown in Figure 5 , pretreatment with flumazenil (5 or 10 mg·kg -1 ) dose-dependently antagonized the prolonged latency to onset of MJ ( Figure 5A: F(2, 45) = 60.0, P < 0.001) and GCS (F(2, 45) = 16 520.2, P < 0.001) induced by magnolol at 80 mg·kg -1 . Flumazenil (10 mg·kg -1 ) completely antagonized the decrease in stage caused by magnolol at 80 mg·kg -1 ( Figure 5C , P > 0.05 vs. flumazenil 10 mg·kg -1 ). Two mice died in the vehicle-treated group, whereas all mice survived in the magnonol-and diazepam-treated groups, suggesting that flumazenil was unable to reverse the protective effect of magnolol on mortality ( Figure 5D ). These results suggest that the GABAA/ benzodiazepine pathway was involved in the antiepileptic effect of magnolol in the PTZ-induced behavioural seizure model.
Antiepileptic effects of magnolol in the Mg
2+ -free model of in vitro epileptiform activity
We used perfusion with Mg 2+ -free solutions to induce epileptiform activity in hippocampal slices and simultaneously recorded extracellular field potential in the CA3 pyramidal cell layer. Bath application of Mg 2+ -free ACSF to hippocampal slices resulted in a progressive increase in the neuronal firing that developed to recurrent seizure-like bursts ( Figure 6A ). Magnolol of different doses (0.1-100 mM) was applied to the bath after the recurrent seizure-like activity had occurred regularly and stably.
Figure 5
Bath application of magnolol at low doses (0.1 or 1 mM) did not suppress epileptiform activity in hippocampal slices (n = 7, data not shown) but at 10 mM attenuated the seizurelike discharges in 2 out of 11 slices. However, the average power of epileptiform activity in the control and after magnolol application was not significantly different with the low doses. High-dose magnolol (100 mM) attenuated the power spectra amplitude of ictal-tonic-clonic discharges (n = 6 from 10 slices, Figure 6B , C). The average power was not significantly changed in control and tended to be decreased by 59 Ϯ 3% after 8 min application of magnolol compared with the average level for the control in 4 min windows before magnolol application (n = 6, P < 0.01, Figure 6D ). Flumazenil
Figure 6
Magnolol attenuated spontaneous epileptiform discharges in mice hippocampus in vitro through GABAA / benzodiazepine receptor. (A) Representative extracellular field potential recording of the tonic-clonic seizure-like events induced by Mg 2+ -free ACSF in the CA3 pyramidal cell layer of mouse hippocampal slice. (B) Magnolol (100 mM) attenuates seizure-like discharges in CA3 of hippocampal slice in response to Mg 2+ -free ACSF. Upper traces: example data from CA3. Below: magnified signals of the trace (see arrows for respective locations in recordings) before, during and after magnolol application. (C) Power spectra of epileptiform activity in successive 10 min windows before, during and after magnolol application in frequency range of 0.1-1000 Hz. Magnolol (100 mM) suppressed the power spectra amplitude in hippocampal slice. (D) Averaged power of fEPSP in consecutive 4 min windows from six slices. Magnolol reduced the power of epilesptiform activity by 59 Ϯ 3% (n = 6, **P < 0.01, significantly different from the average power of 4 min before magnolol application, as assessed by ANOVA followed by a Dunnett's test). (E) Flumazenil (1 mM) blocked the anticonvulsant effect of magnolol in hippocampus. Flumazenil was pre-incubated before the magnolol application. Representative trace of tonic-clonic events with magnolol in the presence of flumazenil. (F) Power spectra of epileptiform activity in 10 min windows before, during and after magnolol application in the presence of flumazenil. (G) Averaged power of seizure-like burst is not affected by magnolol in the presence of flumazenil (Flu; n = 6).
(1 mM) reversed the anticonvulsive effects of magnolol (n = 6 from eight slices, Figure 6F , G). These data suggest that the GABAA/benzodiazepine receptor was required for the antiepileptic effects of magnolol in vitro.
Magnolol decreased c-fos expression in the hippocampus and piriform cortex
The immunohistochemistry experiments were used to examine the brain regions involved in the antiepileptic effect of magnolol. Figure 7A , J was the composite drawing of representative coronal sections taken at the level of hippocampus and piriform cortex respectively. There were only a few Fos-positive cells in the dentate gyrus (DG), CA1 and piriform cortex of saline-treated group ( Figure 7B, K) . The mice developed GCS and GTCS after PTZ administration, and a dramatic increase in the number of Fos-positive cells was seen in the DG, CA1 ( Figure 7H , P < 0.001 vs. saline) and in the piriform cortex ( Figure 7Q , P < 0.001 vs. saline). The animals exhibited mild convulsive events with tremor of the vibrissae and muscles or generalized tremor of the body musculature after magnolol treatment. Magnolol (40 and 80 mg·kg -1 ) significantly decreased the number of Fospositive cells in DG and CA1 (DG, F(3, 24) = 661.6, P < 0.001; Figure 7H , right panel; CA1, F(3,24) = 50.92, P < 0.001; Figure 7H , left panel) and in the piriform cortex (F(3,24) = 134.2, P < 0.001, overall and post hoc). Diazepam at 2 mg·kg -1 also significantly decreased the number of Fospositive cells of CA1 and DG (P < 0.001 vs. vehicle) ( Figure 7H ), and only a few Fos-positive cells were seen in the DG and CA1 in the magnolol-treated (80 mg·kg -1 , Figure 7E ) and diazepam-treated (2 mg·kg -1 , Figure 7F ) groups. The enhanced population of Fos-positive cells in the piriform cortex was dose-dependently reduced by magnolol at 40 and 80 mg·kg -1 ( Figure 7Q , F(3,24) = 134.2, P < 0.001) or diazepam (2 mg·kg -1 ). Pretreatment with flumazenil (10 mg·kg -1 ) completely antagonized the decrease in the number of Fos-positive cells caused by magnolol given at 80 mg·kg -1 ( Figure 7I , R, CA1: F(2,30) = 11.5, P < 0.01; DG: F(2,30) = 60.2, P < 0.001; piriform cortex: F(2,30) = 86.9, P < 0.001), and there were densely Fos-positive cells in the CA1 and DG ( Figure 7D ) and in the piriform cortex ( Figure 7M 
Discussion
This study clearly demonstrated that magnolol exerted a potent antiepileptic effect. The GABAA/ benzodiazepine receptor antagonist flumazenil reversed these effects, indicating that magnolol exerted its anticonvulsant effects by acting through the GABAA/ benzodiazepine receptor complex.
Several in vivo and in vitro studies support our findings that magnolol might elicit anticonvulsant effects by acting on the GABAA/ benzodiazepine receptor complex. Magnolol regulates the release of many neurotransmitters, such as ACh (Tsai et al., 1995b; Hou et al., 2000) and 5-HT (Tsai et al., 1995a; Xu et al., 2008) , but 5-HT and cholinergic receptor subtype antagonists do not block the inhibitory effects of magnolol on 5-HT or ACh release (Tsai et al., 1995a; Hou et al., 2000) . Recently, some studies have suggested a possible selectivity of magnolol towards the GABAA receptor complex (Ai et al., 2001; Ma et al., 2009) . Benzodiazepines such as diazepam, are in wide clinical use as anticonvulsants. It is well known that benzodiazepines facilitate the ability of GABA to activate the GABAA receptor's intrinsic Cl -channel and in turn facilitate inhibitory neurotransmission. The GABAA receptor is an pentameric assembly formed by a-, band g-subunits and can be modulated by allosteric regulators such as the classical benzodiazepines. Magnolol potently enhances either the number of binding sites or the binding affinity of the GABAA agonist [3] H-muscimol for GABAA receptor a-subunit and increases Cl -influx (Squires et al., 1999; Ai et al., 2001) . Magnolol also selectively increases the expression of the GABAA receptor a-subunit but does not influence the expression of glutamic acid decarboxylase (Ai et al., 2001; Ma et al., 2009) . We have found here that the antiepileptic effects of magnolol were reversed by flumazenil and that magnolol also suppressed the synchronous network activity . Each value represents the mean Ϯ SEM (n = 6-9). **P < 0.01, significantly different from the vehicle group. ᭣ in hippocampal slices. The low-Mg 2+ model of the corticohippocampus represents a well-accepted model of epilepsy in vitro (Walther et al., 1986) and is widely used to study the effects of various antiepileptic drugs (Quilichini et al., 2003; Kilb et al., 2007; Albus et al., 2008) . Lowering Mg 2+ concentrations has excitatory effects on NMDA receptors by removing the voltage-dependent block by Mg 2+ . But the GABAA receptors are intact in the Mg 2+ -free -induced seizure model in vitro. Magnolol attenuated the power of ictal activity in the hippocampus, whereas the interictal-like events were not significantly affected. Facilitation of the GABAA receptor by magnolol leading to the influx of Cl -contributes to an increase in the seizure threshold. Flumazenil slightly enhanced the power of interictal and ictal-like epileptiform activity. A GABAA receptor antagonist causes a prominent increase in the expression of epileptiform events induced by low Mg 2+ conditions (Moser et al., 2006) . Application of flumazenil in combination with magnolol reversibly blocked the effect of magnolol. Flumazenil at 0.5 mM had a minor potential to inhibit the antiepileptic effects of magnolol in the hippocampus in vitro (in four out of six slices), whereas at 1 mM, it reversed the effect of magnolol (in six out of eight slices). The anticonvulsant effects of magnolol were blocked by flumazenil, indicating that magnolol was acting through the GABAA/ benzodiazepine receptor complex. Cope et al. (2009) reported that enhanced tonic GABAA inhibition is a common feature of typical absence epilepsy, and drugs enhancing GABA transmission may aggravate spike wave discharges. For example, tiagabine, a GABA transporter inhibitor, and vigabatrin, an irreversible inhibitor of GABA transaminase, aggravated non-convulsive spike-wave discharges in both genetic animal models of absence epilepsy and in humans (Coenen and van Luijtelaar, 1989; Coenen et al., 1995; Knake et al., 1999) . However, tiagabine and vigabatrin might be anticonvulsive in other forms of idiopathic epilepsy (Akula et al., 2009) . Therefore, it seems that drugs that promote GABAergic inhibition have opposite effects in convulsive and non-convulsive epilepsy. Interestingly, benzodiazepines are an exception. They have anti-absence (Coenen and van Luijtelaar, 1989 ) and anticonvulsive effects. Magnolol could effectively suppress seizure spikes by acting at the GABAA/ benzodiazepine receptor complex. We speculate that magnolol may be effective in generalized absence epilepsy, but further study is needed.
Fos expression is a biological marker of neural activation and is useful for mapping the brain regions involved in seizure generation. As previously reported (Eells et al., 2004; Bastlund et al., 2005) , PTZ-induced GTC seizures enhanced Fos expression in many cerebral regions including the cerebral cortex, amygdala and hippocampus, and the highest Fos expression was observed in the hippocampal DG. Magnolol specifically inhibited Fos expression in certain corticolimbic areas, such as the hippocampus and piriform cortical areas, all of which have been implicated in the generation of convulsive seizures and/or epileptogenesis (Ohno et al., 2009) . The hippocampus and piriform cortex are often considered to play major roles in the pathophysiology of temporal lobe seizures (de Guzman et al., 2004; Gavrilovici et al., 2006) , and the hallmarks of temporal lobe seizures are hippocampal sclerosis and synaptic reorganization in the DG (Magloczky et al., 2000) . Our results suggest that magnolol might be greatly beneficial for suppressing temporal lobe seizures.
In conclusion, the antiepileptic effect of magnolol was antagonized by flumazenil, suggesting that the antiepileptic effect of magnolol might be mediated by the GABA A/ benzodiazepine receptor complex and that magnolol may be a potential therapeutic agent for epilepsy.
